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CHAPTER 3

The Sample of OH Megamaser
Galaxies

OHMEGAMASER galaxies display exceptional OH maser emission compared with
their Galactic counterparts. Since their discovery in the early eighties an enormous

effort has been undertaken to expand the sample of such galaxies (Baan et al. 1982). In this
chapter a list of all published OH Megamaser galaxies has been compiled and their spectra
evaluated. From the 100 sources with claimed OH emission, the OH emission spectra of 25
sources are either unpublished or limited by their sensitivity such that a clear determination
of OH main-line emission is not possible. By evaluating the individual sources, the Mega-
maser sample has been reduced to 74 sources of luminosities larger than 1 L�. Based on this
dataset the general properties of the host galaxies have been reviewed at optical, radio and
infrared bands. There is a clear association of the OH emitters with galaxies having enhanced
emission in the infrared band. Furthermore, since Galactic OH masers are found predomi-
nately towards star forming regions, this suggests enhanced star formation in OH Megamaser
galaxies. Such an association is supported by most of the sampled OH galaxies displaying
distinct signatures of enhanced star formation in the infrared and radio bands. In addition,
the luminosity functions in these bands indicates that OH selected galaxies trace a similar but
less abundant population of starburst galaxies as compared to galaxies selected on the basis
of their infrared or optical emission.
Finally, the OH maser process itself and its relation to the general characteristics of the host
galaxy have been evaluated. In general, the necessary pump for extragalactic hydroxyl maser
emission is produced by radiative pumping by an apparent infrared emission field. The pump
efficiency is on the order of a few percent and accounts for most of observed extragalactic
maser emission. Furthermore, the observed OH main-lines and the derived optical depth
cannot be described by pumping the hydroxyl levels with a single black body radiation field,
which additionally indicates that the dominant phenomenon of OH Megamaser emission is
caused by unsaturated maser action.

Hans–Rainer Klöckner and Willem A. Baan
IN PREPARATION
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3.1 Introduction and an Inventory

After the detection of extragalactic hydroxyl emitters, it became clear that such extreme emis-
sion may mirror the nuclear environment and therefore these sources are prime candidates to
study the nuclear region of such galaxies. The main characteristic of these sources is their
strong association with enhanced infrared emission (see section 3.2) that triggered the search
for OH Megamaser galaxies (OH-MM). Nevertheless, the search for OH emission based
on the infrared properties resulted in a detection rate on the order of a few percent, which
indicates that such selection criteria are insufficient and that the OH-MM have additional
properties, which are not understood so far (Schmelz et al. 1986; Garwood et al. 1987; Nor-
ris et al. 1989; Staveley-Smith et al. 1992; Baan et al. 1992a; Darling & Giovanelli 2000,
2001, 2002a). At present one hundred galaxies have been quoted in the literature to exhibit
OH emission, but an extensive literature search showed that some of those sources still do
not have published spectra or show ambiguous spectra with marginal emission features. As
shown in chapter 2, only 40 % of the quoted OH-MM sources without published spectra
exhibit OH in emission. Therefore, table 3.1 provides an inventory of the published OH
Megamaser sources together with a “trust value” for each particular source, that expresses
the trustworthiness of the detection on a scale of −2 to 2. The trust value is also necessary
because the detection of OH emission is affected by the influence of radio interferences pre-
dominately caused by the GLONASS satellite system that may produce artifacts mimicking
OH emission features. The data has been compiled by assuming a Gaussian component for
the published 1667 MHz main-line emission only, because the 1665 MHz component was
not reliable in most of the cases. For sources without published emission line properties,
the data have been obtained by hand from the spectrum itself. The errors for the estimated
luminosity are assumed to be 15 percent, accounting for an accuracy of around 1 mJy for the
peak flux and 20 km s−1 for the line width. Traditionally the maser luminosity is assumed
to be isotropic, but the maser emission may be highly anisotropic and therefore could lead to
an overestimate of the true maser emissivity. Nevertheless, the anisotropy infers that many
maser features are not beamed toward the observer, which indicates that the isotropic lumi-
nosity based on the observed maser features may provide a reasonable estimate of the actual
maser luminosity.

Figure 3.1 − Histogram of the isotropic
OH luminosities of 74 OH Megamaser galax-
ies. The sample of trustable OH Megamaser
galaxies has been compiled on the basis of the
trust value ≥ 1 (see table 3.1). In addition,
the source IRAS 12243−0036 has been ex-
cluded, because its low luminosity accounts
for kilo-maser emission rather than for mega-
maser emission.
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Based on the trust value of 1 or greater, 75 sources have been selected with OH luminosi-
ties ranging over 5 orders in magnitude (see table 3.1). In this sample two galaxies have high
luminosities indicating OH Giga-maser emission, six galaxies harbor emission with luminosi-
ties lower than 10 L� and the luminosity of the sources IRAS 12243−0036 is comparable to
kilo-maser emission rather than to mega-maser emission (the particular kilo-maser source is
excluded from the sample and for a classification of the OH luminosity ranges see Henkel &
Wilson 1990). The histogram of the luminosities of the reduced sample is shown in figure 3.6
and it indicates that the majority of OH Megamaser sources have luminosities in the range of
100 to 1000 L�. In conclusion, 74 out of the 100 galaxies show exceptional hydroxyl maser
emission and are suitable for further investigation.

object velocity peak flux line width log(LOH) trust- references
[ km s−1] [mJy] [ km s−1] [L�] value

IRAS 00057+4021 13487 13.5 113 1.93 1 26 18
IRAS 00335−2732 · · · · · · · · · · · · −2 6 21
IRAS 00509+1225 · · · · · · · · · · · · −1 26 21
IRAS 01364−1042 14582 6.9 88 1.60 1 26 20
IRAS 01418+1651 8262 177.0 64 2.39 2 7
IRAS 01562+2528 49814 6.95 218 2.99 1 24
IRAS 02483+4302 · · · · · · · · · · · · 0 19
IRAS 02524+2046 54162 39.8 76 3.35 1 24
IRAS 03056+2034 · · · · · · · · · · · · −1 26 21
IRAS 03260−1422 12815 10.7 201 2.04 1 26 19
IRAS 03521+0028 45512 2.77 59 1.95 1 24
IRAS 03566+1647 39865 1.96 48 1.61 1 24
IRAS 04121+0223 36590 2.52 209 2.29 1 23
IRAS 04332+0209 3580 10.0 83 0.53 1 12
IRAS 04454−4838 15916 131.8 32 2.51 2 6 26
IRAS 05100−2425 9990 12.5 57 1.35 1 26 12 6
IRAS 05414+5840 · · · · · · · · · · · · −2 26 12

Table 3.1 − The OH Megamaser galaxies quoted in the literature. The IRAS name, the heliocentric
velocity, the peak flux, and the line width (FWHM) of the 1667 MHz line are listed together with the
trust value and the references of the individual galaxies. A trust value of 2 indicate several published
spectra, of 1 = one published spectrum, 0 = no published spectrum, −1 = published spectrum showing
either ambiguous emission most likely affected by RFI or showing a low signal to noise ratio, and
−2 = no confirmed emission. Additional names of individual objects: IRAS 00509+1225 – UGC 545;
IRAS 01418+1651 – III Zw35; IRAS 03056+2034 – UGC 2553; IRAS 04332+0209 – UGC 3097;
IRAS 04454−4838 – ESO 203-IG-001; IRAS 05414+5840 – UGC 3351. References: 1 – Baan 1985,
2 – Baan et al. 1992a, 3 – Martin et al. 1989, 4 – Martin et al. 1988b, 5 – Martin et al. 1988a, 6 –
Staveley-Smith et al. 1992, 7 – Staveley-Smith et al. 1992, 8 – Kazes & Baan 1991, 9 – Staveley-Smith
et al. 1989, 10 – Norris et al. 1986, 11 – Baan et al. 1992b, 12 – Martin 1989, 13 – Baan et al. 1985,
14 – Dickey et al. 1990, 15 – Mirabel & Sanders 1987, 16 – Bottinelli et al. 1986, 17 – Staveley-
Smith et al. 1986, 18 – Kazes et al. 1988, 19 – Kazes et al. 1989, 20 – Bottinelli et al. 1989, 21 –
Bottinelli et al. 1990, 22 – Darling & Giovanelli 2000, 23 – Darling & Giovanelli 2001, 24 – Darling &
Giovanelli 2002a, 25 – Mirabel et al. 1988, 26 – chapter 2.
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object velocity peak flux line width log(LOH) trust- references
[ km s−1] [mJy] [ km s−1] [L�] value

IRAS 06206−3646 33188 4.76 143 2.32 1 8
IRAS 06487+2208 43017 7.6 211 2.90 1 22
IRAS 07163+0817 33150 4.0 24 1.47 1 23
IRAS 07572+0533 56783 2.52 209 2.63 −1 23
IRAS 08071+0509 15638 13.5 78 1.90 1 26 20
IRAS 08201+2801 50325 14.67 205 3.30 1 23
IRAS 08279+0956 62422 4.79 207 2.98 1 23
IRAS 08449+2332 45424 2.49 97 2.12 −1 23
IRAS 08474+1813 43750 2.2 409 2.66 −1 23
IRAS 09039+0503 37720 5.17 212 2.63 1 23
IRAS 09320+6134 11825 15.5 80 1.73 1 12
IRAS 09531+1430 64434 3.98 256 3.01 1 23
IRAS 09539+0857 38455 14.32 317 3.26 1 23
IRAS 10035+2740 50065 2.29 65 1.99 −1 24
IRAS 10039−3338 10100 259.4 88 2.86 2 26 6 18
IRAS 10173+0828 14720 105.0 42 2.46 1 15
IRAS 10339+1548 58983 6.26 40 2.34 −1 23
IRAS 10378+1109 40811 19.7 177 3.20 2 24 8
IRAS 10485−1447 · · · · · · · · · · · · 0 21
IRAS 11010+4107 10450 14.5 112 1.74 1 12 16
IRAS 11028+3130 59619 4.27 89 2.53 1 23
IRAS 11180+1623 49783 1.82 127 2.17 −1 24
IRAS 11257+5850 3101 21.0 235 1.18 2 3 7 23
IRAS 11506−3851 3100 90.0 118 1.52 2 6 10
IRAS 11524+1058 53404 3.17 279 2.81 1 23
IRAS 12005+0009 36472 3.51 82 2.02 1 24
IRAS 12018+1941 50350 3.0 156 2.49 1 4 24
IRAS 12032+1707 64920 16.27 853 4.15 1 23
IRAS 12112+0305 21785 30.0 143 2.78 2 12 25 24
IRAS 12162+1047 43757 2.07 105 2.05 1 24
IRAS 12243−0036 2215 6.0 102 −0.01 1 4
IRAS 12540+5708 12647 48.0 293 2.84 2 1 7
IRAS 12549+2403 39603 1.79 102 1.89 1 24
IRAS 13097−1531 · · · · · · · · · · · · −1 12
IRAS 13218+0552 61268 4.01 314 3.07 1 24
IRAS 13254+4754 · · · · · · · · · · · · −1 26 12
IRAS 13428+5608 11230 55.0 164 2.55 2 7 13
IRAS 13451+1232 36395 1.7 305 2.28 −1 26 14
IRAS 14043+0624 33912 2.75 54 1.68 1 24
IRAS 14059+2000 37246 15.2 161 2.97 1 24
IRAS 14070+0525 79760 10.0 523 3.88 2 11 24
IRAS 14553+1245 37462 2.93 77 1.94 1 24

Table 3.1 − continued. Additional names of individual objects: IRAS 09320+6134 – UGC 5101,
IRAS 10039−3338 – IC 2545, IRAS 11010+4107 – Arp 148, IRAS 11257+5850 – IC 694,
IRAS 11506−3851 – ESO 320-G-030, IRAS 12243−0036 – NGC 4355, IRAS 12540+5708 –
Mrk 231 – UGC 8058, IRAS 13097−1531 – NGC 5010, IRAS 13428+5608 – Mrk 273 – UGC 8696.
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object velocity peak flux line width log(LOH) trust- references
[ km s−1] [mJy] [ km s−1] [L�] value

IRAS 14586+1432 44380 1.79 369 2.54 1 24
IRAS 15065−1107 1818 10.0 102 0.04 1 2
IRAS 15107+0724 3380 12.5 155 0.85 2 5
IRAS 15179+3956 14172 4.35 39 1.02 −1 26 20
IRAS 15224+1033 40290 12.27 31 2.22 1 23
IRAS 15247−0945 11920 26.8 33 1.59 1 26 19
IRAS 15250+3609 16800 25.0 155 2.52 1 12
IRAS 15327+2340 5373 286.0 132 2.54 2 1 3
IRAS 15587+1609 40938 13.91 176 3.04 1 23
IRAS 16100+2527 40040 2.37 46 1.68 1 23
IRAS 16145+4231 · · · · · · · · · · · · 0 21
IRAS 16255+2801 40076 7.02 79 2.38 1 23
IRAS 16300+1558 72528 3.12 131 2.71 −1 22
IRAS 16399−0937 8010 25.0 95 1.68 1 12 17
IRAS 17161+2006 32762 4.84 76 2.04 1 24
IRAS 17208−0014 12790 131.0 165 3.04 2 3 7 24
IRAS 17526+3253 7450 3.7 100 0.81 −1 12
IRAS 17539+2935 32522 0.76 161 1.56 −1 22
IRAS 18368+3549 34832 4.58 421 2.81 1 22
IRAS 18544−3718 21864 42.0 29 2.23 2 6 8
IRAS 18588+3517 31686 7.37 64 2.12 1 22
IRAS 20100−4156 38669 169.6 86 3.77 2 9 6 26
IRAS 20248+1734 36538 2.61 177 2.23 −1 22
IRAS 20286+1846 40471 15.58 224 3.19 2 22
IRAS 20450+2140 38398 2.27 144 2.12 1 22
IRAS 20491+1846 · · · · · · · · · · · · −1 26 20
IRAS 20550+1656 10871 26.0 87 1.92 2 7 12 24
IRAS 21077+3358 52987 5.04 243 2.94 −1 22
IRAS 21272+2514 45032 16.3 263 3.36 2 22
IRAS 22025+4205 4329 10.0 121 0.86 2 2 12
IRAS 22055+3024 37965 6.35 92 2.36 1 23
IRAS 22088−1832 51078 6.28 92 2.59 1 8
IRAS 22116+0437 58180 1.76 121 2.26 1 22
IRAS 22491−1808 23116 7.0 61 1.82 2 2 8 12
IRAS 23019+3405 32294 3.58 57 1.78 −1 23
IRAS 23028+0725 44529 8.69 219 3.00 1 23
IRAS 23129+2548 53394 4.59 376 3.10 1 23
IRAS 23135+2516 8094 2.3 133 0.80 1 15
IRAS 23199+0123 40680 1.8 139 2.05 −1 23
IRAS 23234+0946 38240 3.32 266 2.55 1 23
IRAS 23365+3604 19238 7.52 243 2.30 1 26 21

Table 3.1 − continued. Additional names of individual objects: IRAS 15065−1107 – NGC 5861,
IRAS 15107+0724 – CGCG 049-057, IRAS 15327+2340 – Arp 220, IRAS 17526+3253 –
UGC 11035, IRAS 20491+1846 – UGC 11643, IRAS 20550+1656 – II Zw 96, IRAS 22025+4205 –
UGC 11898, IRAS 23135+2516 – IC 5298.
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3.2 The Properties

Earlier surveys of OH emitters have discussed the properties in the optical-, infrared- and
radio-bands of the existent sample at that time also including the non-detection of OH Mega-
maser galaxies (Darling & Giovanelli 2002a; Baan et al. 1992a; Staveley-Smith et al. 1992;
Norris et al. 1989; Garwood et al. 1987; Schmelz et al. 1986). The characteristics of the here
used sample of the 74 OH Megamaser source are reviewed in the following.

In the optical, it has been quoted that OH-MM are morphologically peculiar sources, that
are generally associated with interacting galaxies (Staveley-Smith et al. 1989). The Digitized
Sky Survey has been used to investigate the morphological structure of 65 of the 74 sampled
sources. Out of the 65 sources: 2 are spiral galaxies, 6 are elliptical galaxies, 26 show mul-
tiple sources or interactions as traced by tails or distorted isophotes, and 31 were unresolved
point sources at a pixel resolution of about 1 – 2′′. Hence the optical morphology of most OH
Megamaser galaxies remains uncertain. Whether the unresolved sources are also interacting
galaxies needs to be investigated with optical observations at higher spatial resolution. Never-
theless, the number of multiple and morphologically distorted sources in the sample indicates
that OH Megamaser sources are most likely associated with galaxies in a state of merging.
From optical spectroscopy, based on a subsample of OH emitters, the nuclear activity of these
galaxies is most likely driven by nuclear star formation, which is confirmed by the dominant
infrared peak in the spectral energy distribution (SED) of the entire sample (Baan et al. 1998;
Klöckner & Baan 2002).

The infrared properties of the host galaxies have been discussed in each of the major
published searches for OH emission and were reviewed in detail on the basis of 18 emitters
and 24 absorbers, and it has been shown that galaxies with OH in absorption have colder
infrared spectra than OH emitters (see Baan 1989). Here a similar investigation has been
done. The infrared luminosity is estimated by a χ2-fit of a single black body to the IRAS
detections in the 4 bands, at 12, 25, 60, and 100 µm (the data are compiled from the IRAS
Faint Source Catalog; Moshir et al. 1992). In order to verify the estimated luminosities,
the standard equation for calculating the infrared luminosity has been used (see e.g. Sanders
& Mirabel 1996; Kim & Sanders 1998). The accuracy between the various estimates is
on the order of 15 to 30 percent, which is in agreement with the overall accuracy of the
IRAS measurements. In additional, the luminosity in the 60 µm band has been calculated to
facilitate a comparison with galaxies from a 2 Jy flux limited sample of IRAS sources (see
section 3.4), by using the following equation:

log(L60µm) = 6.014 + 2 log D + log(F60µm), (3.1)

where L60µm is the luminosity of that particular band in units of L�, D is the distance in Mpc
and F60µm the flux in units of Jy (Yun et al. 2001). The distance calculations are based on the
deceleration parameter q0 = 0.5 km s−1 and a Hubble constant of H0 = 75 km s−1 Mpc−1

(Longair 1998). The maximal difference of the LIR and L60µm luminosities is a factor of 4,
which accounts for the contribution of the other three infrared bands. Figure 3.4 displays the
distribution of the infrared luminosity of the OH-MM sample. The infrared luminosity cov-
ers almost three orders of magnitude ranging between 2.09×1010 L� (IRAS 04332+0209)
and 1.1×1013 L� (IRAS 02524+2046). Based on the classification of galaxies displaying
infrared excess, the OH-MM sources are embedded within the sample of Luminous Infrared
Galaxies and Ultra Luminous Infrared Galaxies (the different criteria for LIG and ULIG are
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listed in table 1 of Sanders & Mirabel 1996). In particular, five sources show infrared lumi-
nosities of less than 1012 L� (LIG), whereas the other sources are a subsample of the ULIG
population.

Figure 3.2 − Histograms of the ratios of the infrared colours. The vertical line in the left panel
indicates the proposed division to identify Infrared Seyfert galaxies (≥ 0.18, de Grijp et al. 1985).
The vertical line in the right panel indicates the division between cold and warm ULIG galaxies (warm
> 0.5, Kim & Sanders 1998).

In addition, the emission of the individual infrared bands has been used to investigate the
kind of nuclear activity in these galaxies. Two different criteria are used based on the 25
to 60 µm and the 60 to 100 µm bands (see figure 3.2). The ratio of F25µm

/

F60µm ≥ 0.18
has been proposed to identify infrared galaxies with Seyfert character, which would indicate
a non-stellar power source in the nucleus (de Grijp et al. 1985). Therefore, 16 sources are
expected to harbor a non-stellar power plant, consisting of an accretion disk surrounding a
black hole. Unfortunately, only 4 of these galaxies have been evaluated with optical spec-
troscopy indicating that 2 indeed show a Seyfert nucleus. Even with low number statistics the
percentage of Seyfert type nuclei identified by this ratio is below the deduced values for all
infrared galaxies at similar infrared luminosities (Kim et al. 1998; Sanders & Mirabel 1996).
Therefore, it is most likely that the OH galaxies trace the starburst dominated galaxies in this
infrared luminosity range.

The second ratio defines the color of the galaxy, where galaxies with ratios of
F60µm

/

F100µm > 10−0.3 are defined to show warm infrared colors. In addition, these
“warm ” galaxies show one order of magnitude stronger emission within the mid-infrared
range between 5 – 40 µm than the colder galaxies (Note that in the PSCz catalog of IRAS
sources 5554 have warm and 3421 have cold colors; Takeuchi et al. 2003; Sanders & Mirabel
1996). The colors of the OH sample are shown in figure 3.2, displaying that most of the OH
emitters show warm colors and only five sources exhibit cold colors (IRAS 01562+2528,
IRAS 04121+0223, IRAS 04332+0209, IRAS 14059+2000, IRAS 20286+1846). The
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black body temperatures of these five galaxies, presented in table 3.2, confirm this rough
estimate properly, where the temperatures range from 40 K to 46 K. A similar percentage of
warm sources can be found in the sample of OH absorbers, that are known to be associated
with colder infrared emission (Baan 1989). The color dependence of OH emission and ab-
sorption can be understood by evaluating the OH pumping scheme (see figure 3.7), where
the individual transitions of the rotational ladder for the electronic ground state are in a wave-
length range of 10 – 120 µm. Apart from the strong color dependence of the OH emitting and
absorbing sources, the galaxies with OH in emission are indicated by enhanced emissivity in
this wavelength range. Furthermore, it is noteworthy that the source IRAS 05414+5840 pre-
viously thought to show OH in emission, has been re-observed and displays OH in absorption
(see chapter 2), which is now consistent with its infrared color. The temperature estimates of
the OH sample is shown in figure 3.3, where the histogram indicates a maximum temperature
of about 97 K and a broad distribution of temperatures in the range of 50 K to 80 K. The
temperature distribution peaks at around 59 K, which is comparable to the temperature of
61 K found by a theoretical evaluation of the OH maser emission. At this temperature,the
OH main-line emission is expected to be produced in clouds of 10 pc in size and main-line
ratios are expected to be on the order of 6 to 7 (Randell et al. 1995). These ratios may ex-
plain the weak appearance of the 1665 MHz line in the spectra of individual OH Megamaser
galaxies, which may well be hidden in the noise of the individual spectrum.

Figure 3.3 − Histograms of derived infrared properties. The single black-body temperatures are
presented on the left and the maximum radius of the dusty circumnuclear environment on the right. The
values have been taken from table 3.2.

Galaxies with warm infrared colors also display a possible evolutionary connection be-
tween ULIGs and QSOs, in which ULIGs are part of a sequence of merging spiral galaxies.
After funneling gas into the merger nucleus, which feeds a nuclear starburst, a self-gravitating
gas disk on scales of about 1 kpc may be formed (Taylor et al. 1999; Sanders & Mirabel
1996). The enhanced thermal emission in the mid infrared emerges from dust in such a cir-
cumnuclear disk surrounding the active nucleus and the accretion disk (Sanders & Mirabel
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1996). Such a scenario may be seen in a few OH Megamaser sources, observed at spatial
resolution of tens of parsec, where the presence of a disk or a torus structure has been re-
ported in the circumnuclear region (Klöckner & Baan 2002; Pihlström et al. 2001; Lonsdale
et al. 1998). Nevertheless, for the entire sample the maximal extent of such a dusty disk- or
torus-structure can be estimated from the infrared luminosity, following the assumptions that
the infrared emission is optically thin and that the orientation of this structure does not play a
role (for the specific equation see Lang 1999). The infrared radius of the individual sources
is listed in table 3.2 and shown in figure 3.3. The maximal extent of 1100 pc for the infrared
disks seen in OH-MM galaxies is in agreement with the proposed extent of the circumnuclear
environment. Furthermore, figure 3.3 indicates that the majority of the OH sources have a
dusty environment of 200 pc to 500 pc in extent. Such limits are in good agreement with
the high resolution observations of HI, OH and investigations of the CO emission for a few
sources from the OH-MM sample (Downes & Solomon 1998; Carilli & Taylor 2000; Carilli
et al. 1998).

Figure 3.4 − Histograms of the infrared luminosities (left panel) and radio continuum luminosities
(right panel) of the OH Megamaser sample.

In addition to the investigation of the infrared emission, the characteristics of the radio
emission and its relation to the infrared have been evaluated for the OH Megamaser sample.
In general, it has been shown that galaxies show a clear connection between their radio and
FIR luminosities. This relation has been first discovered in Seyfert-type nuclei showing a
universal and tight correlation that holds for 5 orders of magnitude (van der Kruit 1971;
Helou et al. 1985; Price & Duric 1992; Yun et al. 2001). The first model explaining such a
correlation proposed relativistic electrons accelerated around a black hole that produce both
the radio and infrared emission. The currently favored explanation for such a correlation
in starburst galaxies is that the same population of massive stars produce the thermal FIR
emission from the surrounding HII regions and subsequently the non-thermal emission from
supernova explosions. Thus the linear nature of the correlation is directly related to the star
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formation and cosmic-ray production processes taking place in such galaxies. In this picture
one problem remains unsolved, in that the radio and the FIR emission needs to be produced
simultaneously, which may not be the case because these emissions are produced at different
stages of the starburst cycle (Yun & Carilli 2002). In order to test the relation for the OH-
MM sample, the radio luminosity (in W Hz−1) has been calculated on the basis of the low
resolution (14′′) NVSS flux density at 1.4 GHz using the following formula (Condon et al.
1998; Yun et al. 2001):

log(Lrad) = 20.08 + 2 log D + log(F1.4 GHz), (3.2)

where D is the distance in Mpc and F1.4 GHz the flux density in units of Jy. The histogram in
figure 3.4 displays the range of the observed radio luminosities. The sample does not show
numerous sources with radio excess such as in the infrared band. A complicating factor is
that two different functional definitions of radio loudness has been used in the literature: one
on the basis of the absolute radio power and one based on the ratio of the optical and radio
emission fluxes (Yun et al. 2001; Krolik 1999), if multi-frequency radio measurements are
available a better determination of the radio loudness is possible (Falcke et al. 1996). On
the basis of the radio luminosity alone (Lrad ≥ 1025 W Hz−1) the sample does not show
any radio loud objects. By using the ratio of optical and radio emission only the source
IRAS 12540+5708 is a radio loud object. It may be concluded that most of the OH-MM
galaxies show no dominant radio emission.

The relation of the radio- and the infrared-luminosities has been displayed
in figure 3.5. Except for 4 sources the main-body of the data points dis-
plays the tight radio- and infrared-luminosity correlation that can be described by
log(Lrad) = (0.99 ± 0.09) log(LIR) + (11.40 ± 1.08). This result is in good agreement
with the exponent of 1.07 found for a subsample of OH-MM galaxies in a luminosity range of
109 ≥ LFIR ≥ 1013 L� and using 4.8 GHz radio-continuum data (Henkel & Wilson 1990).
But the exponent of OH-MM galaxies is slightly lower than the exponent of 1.13 found for
a sample of ULIGs at luminosities ≥ 1011.4 L� in the 4.8 GHz radio band (Crawford et al.
1996). An investigation of infrared emission and the 1.4 GHz radio emission in large scale
disks of galaxies revealed an exponent close to unity for this correlation (Helou et al. 1985).
Such a value has been confirmed for a much larger sample of galaxies selected by their IRAS
flux in the 60 µm band (F60µm ≥ 2 Jy), which shows an exponent of 0.99 for the integrated
infrared- and the 1.4 GHz radio-emission of the entire galaxy (Yun et al. 2001). In addition,
the infrared luminosity of the OH-MM sample covers a range that is two orders of magni-
tude smaller than that for galaxies selected on their radio or infrared emission (Price & Duric
1992; Yun et al. 2001). It should be noted that the dispersion of the relation increases at
higher luminosities, which is also seen for the luminosity correlation seen at larger samples
of ULIGs (e.g. see Yun et al. 2001). In conclusion, the galaxies selected by their OH emis-
sivity follow the general trend of the radio to infrared emission and no clear distinction can
be made among the different samples of galaxies.

Since the general relation between the radio and the infrared luminosities shows such a
universal and tight correlation, the ratio between both measurements, also known as the q-
ratio, is indicative of the underlying heating process (Helou et al. 1985). The q parameter has
been detemined by

q = log
( FIR

3.75 × 1012

)

− log
(

S1.4 GHz

)

, (3.3)
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where S1.4 GHz is the observed flux density at 1.4 GHz in units of W m−2 Hz−1 and

FIR = 1.26 × 10−14
(

2.58 S60 µm + S100 µm

)

, (3.4)

where S60 µm and S100 µm are the IRAS band flux densities in Jy (Yun et al. 2001). In general,
starburst galaxies show consistently high q-ratios. Lower values indicate that a large fraction
of the radio emission is powered by compact radio cores and radio lobes/jets, which leave
the infrared emission relatively unaffected. The sample of OH Megamasers shows a q-value
of 2.57±0.36, that is slightly higher than the values estimated for the 2 Jy (mean q-value of
2.34±0.01; Yun et al. 2001). Within the errors the estimate for the OH sample is in agreement
with values typically found in star-forming galaxies. Six of the objects in the sample have q ≥
3.0, indicating an infrared excess possibly associated with enhanced starformation or an dust
enshrouded AGN. Within the entire sample, no galaxy shows a q-value of ≤ 1.64, the cut off
used to indicate radio-excess in the 2 Jy sample (Yun et al. 2001). Such a definition excludes
at least one source of the OH-MM sample (IRAS 12540+5708 also known as Mrk 231),
where high resolution observations reveal a clear non-thermal radio component in the nucleus
(Ulvestad et al. 1999a). The use of the 4.8 GHz radio band and a different threshold of q<2.2
may identify an additional radio emission component (Condon et al. 1991). By assuming
a relatively flat radio spectrum between 1.4 and 4.8 GHz, seven OH Megamaser galaxies,
including Mrk 231, have q-values below the latter threshold indicating that a non-thermal
radio emission process is active in these sources.

Figure 3.5 − The infrared luminosity versus the radio luminosity (left) and the OH luminosity (right).
The solid lines display the estimated linear relation between these quantities. The relation between the
infrared and the OH luminosity is discussed in section 3.3. The dashed line in the right panel indicates
a slope of 2.29, which is on the order of the predicted slope between LOH and LIR proposed by the
classical OH Megamaser model (Baan 1989). Note that the relation between LOH and L60µm, which
is sometimes used in the literature, has a similar spread of data points and does not show a significant
difference to that between the LOH and LIR.
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Table 3.2 − Properties of the OH Megamaser galaxies. The individual columns are: Column 1: source name, Column 2: OH redshift, Column 3:
optical redshift, Column 4 & 5: ratios of 25, 60 and 100-µm IRAS bands [also figure 3.2], Column 6: infrared luminosity estimated from the 60 µm band
[equation 3.2], Column 7: infrared luminosity determined by a single black body fit, Column 8: infrared temperature estimated from the black body fit,
Column 9: infrared radius [Lang 1999], Column 10: OH efficiency range [equation 5.1], Column 11: radio luminosity at 1.4 GHz, Column 12: ratio of
the infrared to radio emission [equation 3.3], Column 13: apparent optical depth [equation 3.6], Column 14: infrared transition closest to the back body
emission peak [for numbering see figure 3.7]. Column 15: optical depth determined via equation 3.7 and 3.12 from the OH main-line ratio, where the
ratio is determined by the rate equation [equation 3.14].

object z z f25µm

/

f60µm

/

L60µm LIRBB T radius eff Lrad q τapp lev τreq

[IRAS] [OH] [optical] f60µm f100µm [L�; [L�; [K] [pc] [W−2

log] log] [log] Hz−1]
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]

00057+4021 0.04499 0.04466 0.081 1.038 11.18 11.49 68.0 90.7 −2.7 / −2.3 22.46 2.86 −0.551 14 −1.853
01364−1042 0.04864 0.04843 0.064 0.920 11.39 11.70 62.6 135.8 −3.1 / −2.6 22.86 2.68 −0.229 5 −2.251
01418+1651 0.02756 0.02744 0.075 0.943 11.20 11.51 63.9 105.1 −2.0 / −1.5 22.77 2.58 −1.489 5 −2.123
01562+2528 0.16616 0.16580 · · · 0.499 11.60 12.01 43.7 398.5 −2.5 / −0.0 · · · · · · · · · 8 0.013
02524+2046 0.18066 0.18150 · · · 2.000 12.75 13.04 81.1 378.4 −2.4 / −2.2 23.18 3.66 −1.393 18 −1.461
03260−1422 0.04275 0.04248 0.041 0.601 10.95 11.31 48.1 146.9 −2.8 / −1.2 22.61 2.56 −0.391 13 0.095
03521+0028 0.15181 0.15191 0.088 0.688 12.03 12.37 52.1 423.8 −3.3 / −1.9 23.50 2.73 −0.146 13 · · ·

03566+1647 0.13298 0.13350 0.354 0.308 11.36 11.96 35.7 564.9 −3.3 / 1.2 23.01 2.71 −0.133 10 −2.447
04121+0223 0.12205 0.12160 0.087 0.415 11.36 11.67 45.8 244.6 −2.9 / −0.6 22.97 2.68 −0.165 8 −0.172
04332+0209 0.01194 0.01194 0.285 0.496 9.90 10.32 43.8 56.7 −3.0 / −0.5 21.07 3.08 −0.504 8 −0.000
04454−4838 0.05309 0.05291 0.079 1.084 11.43 11.75 69.7 116.0 −1.7 / −1.4 · · · · · · · · · 14 −1.780
05100−2425 0.03332 0.03351 0.079 0.775 10.87 11.20 56.1 94.7 −2.8 / −1.6 22.65 2.41 −0.337 6 −5.973
06206−3646 0.11070 0.10804 0.052 0.854 11.64 11.95 59.5 201.9 −2.9 / −2.1 23.89 1.92 −0.103 17 −2.801
06487+2208 0.14349 0.14370 0.252 0.878 11.88 12.22 65.8 224.0 −2.6 / −2.1 23.66 2.38 −0.300 5 −1.979
07163+0817 0.11058 0.11070 0.300 0.651 11.28 11.63 51.2 186.6 −2.7 / −1.3 22.94 2.55 −0.244 13 2.600
08071+0509 0.05216 0.05220 0.085 0.652 11.32 11.66 50.5 200.4 −2.8 / −1.4 23.29 2.23 −0.251 13 1.260
08201+2801 0.16787 0.16800 0.138 0.819 11.77 12.09 59.0 239.9 −2.1 / −1.4 23.94 2.00 −0.448 17 −2.937
08279+0956 0.20822 0.20850 0.327 0.464 11.66 12.10 42.4 469.9 −2.6 / 0.2 23.37 2.56 −0.303 16 0.669
09039+0503 0.12582 0.12500 0.140 0.719 11.61 11.94 53.8 242.0 −2.7 / −1.5 23.27 2.53 −0.268 6 · · ·

09320+6134 0.03944 0.03939 0.090 0.570 11.48 11.85 46.8 290.1 −3.2 / −1.1 23.72 1.99 −0.082 8 −0.107
09531+1430 0.21493 0.21510 0.218 0.747 11.81 12.14 56.8 275.6 −2.6 / −1.7 23.35 2.65 −0.262 17 −4.442
09539+0857 0.12827 0.12900 0.102 1.377 11.62 11.95 77.9 116.7 −2.1 / −1.9 23.35 2.39 −0.598 18 −1.528



3.2.T
he

Properties
43

Table 3.2 − continued.

object z z f25µm

/

f60µm

/

L60µm LIRBB T radius eff Lrad q τapp lev τreq

[IRAS] [OH] [optical] f60µm f100µm [L�; [L�; [K] [pc] [W−2

log] log] [log] Hz−1]
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]

10039−3338 0.03369 0.03410 0.124 1.115 11.24 11.57 72.6 87.0 −1.6 / −1.4 22.75 2.62 −2.113 14 −1.671
10173+0828 0.04910 0.04800 0.109 1.061 11.35 11.68 70.0 106.2 −1.8 / −1.6 22.69 2.80 −1.762 14 −1.767
10378+1109 0.13613 0.13624 0.103 1.256 11.87 12.20 75.7 165.1 −2.2 / −2.0 23.53 2.46 −0.689 18 −1.581
11010+4107 0.03486 0.03452 0.057 0.553 11.07 11.45 46.0 188.9 −3.0 / −0.7 22.93 2.37 −0.265 8 −0.166
11028+3130 0.19887 0.19900 · · · 0.709 11.86 12.19 52.6 339.2 −2.7 / −1.4 · · · · · · · · · 6 · · ·

11257+5850 0.01034 0.01041 0.224 0.966 11.27 11.62 70.7 97.3 −3.9 / −3.5 23.15 2.27 −0.030 14 −1.737
11506−3851 0.01034 0.01078 0.071 0.785 10.80 11.12 56.5 85.5 −2.8 / −2.0 22.39 2.58 −0.555 17 −4.895
11524+1058 0.17814 0.17840 0.154 0.701 11.67 12.00 53.1 268.6 −2.7 / −1.5 22.31 3.55 −0.248 6 · · ·

12005+0009 0.12166 0.12224 0.363 0.753 11.28 11.62 58.2 144.2 −2.6 / −1.8 23.11 2.36 −0.208 17 −3.270
12018+1941 0.16795 0.16865 0.212 0.992 11.95 12.30 72.2 205.0 −3.0 / −2.6 23.58 2.51 −0.159 14 −1.685
12032+1707 0.21655 0.21700 0.172 0.880 12.06 12.39 63.1 296.2 −2.1 / −1.6 24.44 1.79 −0.354 5 −2.196
12112+0305 0.07267 0.07300 0.060 0.852 11.89 12.20 59.5 268.3 −2.6 / −1.9 23.40 2.65 −0.622 17 −2.798
12162+1047 0.14596 0.14650 0.259 0.762 11.44 11.77 58.5 169.4 −2.8 / −2.0 23.14 2.48 −0.137 17 −3.136
12540+5708 0.04219 0.04217 0.271 1.056 11.98 12.37 79.0 184.2 −2.9 / −2.8 24.03 2.09 −0.139 18 −1.504
12549+2403 0.13210 0.13170 · · · 0.717 11.35 11.68 53.0 185.4 −2.9 / −1.6 · · · · · · · · · 6 · · ·

13218+0552 0.20437 0.20510 0.343 1.646 11.95 12.38 96.5 125.2 −2.6 / −2.5 23.59 2.45 −0.231 1 −1.243
13428+5608 0.03746 0.03778 0.105 1.017 11.72 12.04 68.0 170.0 −2.7 / −2.4 23.61 2.25 −0.301 14 −1.854
14043+0624 0.11312 0.11350 0.098 0.605 11.25 11.61 48.4 205.9 −2.8 / −1.2 23.51 1.96 −0.111 13 0.161
14059+2000 0.12424 0.12370 0.114 0.456 11.36 11.80 42.0 341.2 −2.2 / 0.6 23.34 2.30 −0.615 16 1.327
14070+0525 0.26605 0.26438 0.153 0.795 12.27 12.59 57.8 446.3 −2.4 / −1.6 23.89 2.55 −0.482 17 −3.458
14553+1245 0.12496 0.12490 0.117 0.757 11.38 11.71 55.6 174.3 −2.8 / −1.6 22.98 2.59 −0.191 6 · · ·

14586+1432 0.14804 0.14770 · · · 0.532 11.34 11.74 45.1 273.0 −3.0 / −0.6 · · · · · · · · · 8 −0.165
15065−1107 0.00606 0.00630 0.108 0.534 9.84 10.23 45.3 48.0 −3.5 / −1.1 21.42 2.66 −0.201 8 −0.172
15107+0724 0.01127 0.01300 0.037 0.705 10.77 11.10 52.6 96.1 −3.6 / −2.2 22.24 2.71 −0.176 6 · · ·

15224+1033 0.13439 0.13480 · · · 1.024 11.37 11.67 65.2 121.4 −1.9 / −1.4 · · · · · · · · · 5 −2.019
15247−0945 0.03976 0.04000 0.081 0.780 11.10 11.42 56.4 121.5 −2.5 / −1.4 22.76 2.52 −0.652 6 −5.171
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Table 3.2 − continued.

object z z f25µm

/

f60µm

/

L60µm LIRBB T radius eff Lrad q τapp lev τreq

[IRAS] [OH] [optical] f60µm f100µm [L�; [L�; [K] [pc] [W−2

log] log] [log] Hz−1]
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]

15250+3609 0.05604 0.05538 0.182 1.233 11.58 11.93 79.3 111.2 −2.6 / −2.4 22.96 2.75 −0.676 18 −1.498
15327+2340 0.01792 0.01813 0.076 0.923 11.75 12.07 63.0 204.7 −2.7 / −2.2 23.32 2.59 −0.613 5 −2.205
15587+1609 0.13655 0.13750 0.131 0.905 11.39 10.90 46.7 96.9 −1.2 / 1.0 22.23 3.32 −0.798 8 −0.123
16100+2527 0.13356 0.13100 · · · 0.518 11.33 11.73 44.5 279.9 −2.9 / −0.5 · · · · · · · · · 8 −0.122
16255+2801 0.13368 0.13400 0.198 0.702 11.45 11.78 53.4 205.3 −2.4 / −1.2 21.93 3.71 −0.487 6 · · ·

16399−0937 0.02672 0.02701 0.136 0.638 10.99 11.34 50.0 140.9 −2.8 / −1.4 22.92 2.28 −0.310 13 0.852
17161+2006 0.10928 0.14770 · · · 0.532 11.34 11.74 45.1 273.0 −2.7 / −0.1 · · · · · · · · · 8 −0.165
17208−0014 0.04266 0.04181 0.053 0.892 11.96 12.27 61.2 275.3 −2.5 / −1.9 23.45 2.67 −0.877 17 −2.444
18368+3549 0.11619 0.11617 0.112 0.582 11.72 12.09 47.4 371.8 −3.1 / −0.9 23.73 2.22 −0.140 8 −0.035
18544−3718 0.07293 0.07342 0.116 0.728 11.42 11.75 54.1 191.9 −2.1 / −0.9 22.78 2.83 −1.263 6 · · ·

18588+3517 0.10569 0.10665 0.109 0.844 11.46 11.78 59.8 163.5 −2.5 / −1.8 23.09 2.55 −0.374 17 −2.710
20100−4156 0.12899 0.12958 0.066 1.012 12.19 12.50 66.5 302.2 −1.6 / −1.2 · · · · · · · · · 5 −1.934
20286+1846 0.13500 0.13475 0.271 0.412 11.47 11.95 40.1 441.1 −2.3 / 0.7 22.84 2.92 −0.796 16 · · ·

20450+2140 0.12808 0.12836 0.345 0.381 11.32 11.83 38.8 411.0 −3.1 / 0.8 23.15 2.48 −0.139 10 −4.429
20550+1656 0.03626 0.03610 0.180 1.256 11.46 11.82 79.8 96.1 −2.8 / −2.6 23.05 2.54 −0.388 18 −1.487
21272+2514 0.15021 0.15080 0.361 0.658 11.64 11.98 51.8 275.3 −2.1 / −0.8 23.21 2.63 −0.757 13 · · ·

22025+4205 0.01444 0.01442 0.077 0.691 10.53 10.86 52.2 74.4 −3.3 / −1.9 22.16 2.57 −0.195 13 · · ·

22055+3024 0.12664 0.12690 0.133 0.807 11.72 12.04 58.3 232.9 −2.7 / −1.9 23.26 2.64 −0.326 17 −3.215
22088−1832 0.17038 0.17020 0.133 1.001 11.95 12.28 68.4 221.3 −2.6 / −2.3 23.59 2.50 −0.307 14 −1.834
22116+0437 0.19407 0.19390 0.339 0.887 11.79 12.18 73.5 171.6 −3.0 / −2.6 23.75 2.20 −0.093 14 −1.643
22491−1808 0.07711 0.07776 0.101 1.221 11.75 12.08 74.8 147.2 −3.0 / −2.7 22.85 3.02 −0.347 14 −1.607
23028+0725 0.14853 0.14960 · · · 0.667 11.56 11.90 50.8 259.1 −2.3 / −0.9 · · · · · · · · · 13 1.739
23129+2548 0.17810 0.17900 0.072 1.106 12.02 12.33 70.1 224.4 −2.8 / −2.4 23.64 2.51 −0.232 14 −1.762
23135+2516 0.02700 0.02734 0.184 0.877 11.09 11.41 63.2 95.9 −3.9 / −3.3 22.71 2.54 −0.048 5 −2.186
23234+0946 0.12755 0.12790 · · · 0.740 11.65 11.97 53.9 251.0 −3.0 / −1.7 · · · · · · · · · 6 · · ·

23365+3604 0.06417 0.06448 0.114 0.847 11.70 12.02 60.1 212.7 −3.2 / −2.5 23.37 2.49 −0.174 17 −2.644
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3.3 Optical Depth, Saturated and Unsaturated Maser Emission

The detection of the exceptional extragalactic hydroxyl emission together with the char-
acteristic infrared excess of such galaxies, led to the formulation of a model for such
maser emission (Baan 1989). This classical model is based on low-gain amplification of
background continuum emission by unsaturated maser clouds. Radiative pumping by the
infrared radiation field provides the necessary excitation of the OH molecules for the maser
process. That such an excitation mechanism can play a crucial role has been indicated by
the clear difference in the infrared colors of the OH emitting and the OH absorbing galaxies
(Baan 1989). The OH absorbing galaxies show predominately cooler infrared colors than
the OH Megamaser galaxies. The first clear evidence that such pumping operates has been
indicated by the detection of the OH transition at 34 µm in absorption toward the prototype
OH-MM galaxy Arp 220 (Skinner et al. 1997). Furthermore, the model was capable of
explaining the roughly quadratic relation between the OH- and the infrared-luminosities,
already displayed by the earliest OH-MM samples (Martin 1989; Baan 1989). In the classical
model this relation can be understood by the contribution of both the infrared emission, as
indicative for the pumping mechanism, and the radio emission, which has a well-known
linear relation to the infrared emission. In the low-gain approximation, where exp(−τ )
reduces to τ and where τ is proportional to the infrared radiation field, the square relation
can be explained as ∼ τ × Lradio ∼ LIR × LIR. For the current sample of OH-MM galaxies
this relation is shown in figure 3.5 and can be explained by a linear regression such as
log(LOH) = (1.26 ± 0.18) log(LIR) − (12.61 ± 1.52). This slope is significantly different
from that predicted by the classical model in this sample of 1.99 ± 0.09; given the exponent
found for the relationship between the radio- and the infrared-luminosity of 0.99 ± 0.09 (see
section 3.2). However, a steeper than a quadratic relation can be obtained for the data in
figure 3.5 by excluding some of the outliers. Indeed, a relationship with an exponent of 2.29
(motivated by the classical model and shown by the dashed line in figure 3.5) is seen to better
describe the main body of the data points. Furthermore, when comparing the LOH/LIR-
with the Lradio/LIR-correlation in figure 3.5, the OH-IR panel shows a systematically higher
scatter of the data points across the entire luminosity range. This may indicate that the
OH-, the infrared-, and the radio-emission do not emerge from the same region as generally
assumed. If physical processes cause the discrepancy of the OH to infrared luminosity, a
more sophisticated model is needed to describe extragalactic OH emission. In addition,
biases due to selection effects cannot be ruled out on the basis of this data set.

The discrepancy in the slope of the OH and the infrared luminosities has also been evalu-
ated with an earlier sample of OH Megamaser galaxies. The difference has been interpreted
by neglecting the classical model and describing the discrepancy by either Malmquist bias or
by saturation effects in the maser emission itself, that may influence the general properties of
the sampled galaxies (Kandalian 1996; Darling & Giovanelli 2000).

The Malmquist bias effect accounts for the possibility that weaker objects at higher red-
shifts are being missed in a flux-limited sample. Such a bias has been shown to cause prob-
lems for galaxy samples and their correlations at the lower end of the luminosity range. In
this argument a crucial assumption is made, that there is an influence of missed sources on the
specific luminosity correlation at lower luminosities, because the luminosities are determined
by a flux-limited continuum emission component over a distinct frequency-range. For line
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emission, where the luminosity is determined by the peak flux and the line width, the effect
of Malmquist bias on the OH- and infrared-luminosity correlation is not known. Because
sources below a certain flux limit for the peak flux of the line still may vary significantly
in luminosity because of variations in the line width. That this effect plays a role may be
indicated by the fact that the most luminous OH-Megamaser galaxies also have the broadest
lines. Nevertheless, by assuming an average line width and an upper limits for the OH emis-
sion, the completeness of the current database can be tested. The calculations leading to this
V/Vmax test will be discussed in section 3.4. The test indicates that the current sample of
OH-MM galaxies is incomplete at various OH luminosities ranges (see figure 3.8). In order
to determine an unbiased estimate of the slope for the OH-, infrared-, and radio-luminosity
relations, sources with OH luminosities that are in the OH luminosity ranges where the sam-
ple is complete can be used (see table 3.3). The slope of the OH-infrared and radio-infrared
correlations is found to be 2.29±0.58 and 1.54±0.63 respectively. It should be noted that the
steepness of this last OH-infrared relation does represent the main body of the OH Mega-
maser sample much better than the linear regression curve that is shown in figure 3.5. The
method used here is less influenced by selection effects than the method to compensate for
Malmquist bias effect (see e.g. Kandalian 1996). Because the latter method uses the partial
correlation coefficient for the full sample of galaxies, which is known to be incomplete, and
assumes a strict correlation between the IR and OH luminosity, this approach would result
in a flattening of the slope of the OH-IR correlation (Darling & Giovanelli 2002a). Such
assumptions may be highly influenced by the emission processes of the maser itself and the
location of the infrared radiation field in the source. Therefore, this method provides a good
alternative for determining the line luminosity correlation. Summarizing, two different meth-
ods have been used to determine the OH-IR relation and they result in two different relations
between the quantities. Nevertheless, the specific OH-IR correlation is used in the literature
to indicate, whether the classical model can be used to explain the exceptional mega-maser
emission. Based on the methods presented, it is questionable if such a general statement can
be made. Independent of this discussion on the validity of the classical model for explaining
the observed properties, there is the discussion on the saturation of the maser emission, which
will require a more detailed discussion.

In general, the maser emission is unsaturated early on in the passage through the amplify-
ing molecular environment. This environment is being pumped at certain efficiency and will
amplify the approaching ensemble of maser photons with an exponential amplification factor
proportional to the path length. Once the number of maser photons exceeds the number of
excited levels the excess maser photons will not participate anymore in the maser process
and will fall off the amplification stream. At this stage, the maser emission is saturated and
amplification happens only linearly with the path length. For simplicity we consider here
only the stream towards the observer. By taking two streams into account (a receding and an
approaching stream in the line of sight towards the observer), the full maser problem cannot
be explained in full detail anymore, but it does reveal an important property that needs to be
taken into account when interpreting maser emission processes. After the maser saturates the
two oppositely directed streams are now coupled together, because the population depends on
the line emission and therefore the source functions are no longer independent along the path
(Cook 1977). If any background emission is present, the effects of saturation appear faster
and result in a shift of the region of saturation closer to the radio-continuum-emitting region.
The contrast in intensity between saturated and unsaturated maser emission in the presence
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of background emission has been evaluated and discussed in the literature (Elitzur 1990a,b;
Elitzur et al. 1991). Saturation in extragalactic OH sources may play only a minor role for
the overall OH emission of galaxies, as suggested by high resolution observations of a few
galaxies such as Arp 220, III Zw 35, IRAS 17208−0014, Mrk 231, and Mrk 273 where up
to 50 % of the single-dish maser flux density has not been detected and where therefore the
more diffuse maser components suggest unsaturated maser process. Nevertheless, saturation
cannot be generally ruled out and has been claimed to be present in filaments at parsec size
scales in three bright OH emitters such as Arp 220, III Zw 35, and IRAS 17208−0014 (Lons-
dale et al. 1998; Diamond et al. 1999). These authors argued for saturation on the basis of the
deduced amplification factor of the continuum emission. For optical depths or amplification
factors on the order of ln(τ )∼11 the masers are most likely saturated (Elitzur 1992a). How-
ever, the determination of the amplification factors requires a crucial assumption that may not
hold for high-resolution observations of the OH emission and will therefore be reviewed.

In order to distinguish between saturated or unsaturated maser emissions, the optical
depth or the maser amplification factor may be used in a manner where the emission or
absorption is independent of the line of sight. This is already a first assumption about the
unsaturated maser process (see e.g. Goss 1968; Lang 1999). For an isothermal emitting or
absorbing cloud, the solution of the radiative transfer equation is generally solvable and can
be written as follows in the Rayleigh-Jeans regime (k T >> hν) for a line emitting/absorbing
cloud:

Tline = Ω line
MB

[Ts − T2.7] (1 − e−τ(ν)total)

+ RΩ cont
MB

[Ts − T2.7 −Tcont] (1 − e−τ(ν)cont),
(3.5)

where Ts is the spin or excitation temperature, T2.7 is the temperature of the cosmic mi-
crowave background and Tcont is the radio continuum background temperature (Goss 1968).
Note that a change in the sign of the optical depth changes absorption into a maser pro-
cess. The optical depth τtotal and τcont varies with the covering factor of the clouds to
the continuum emission. To account for observational corrections, the beam filling factors
Ω(line or cont)/MB also including telescope efficiencies and the covering factor (R, is the frac-
tion of the source covered by the OH clouds) must be taken into account. Note that in the
absence of continuum emission Ωcont = 0. In the particular case of an interferometric mea-
surement with a few baselines, the beam filling factors may also account for the spatial sen-
sitivity of the interferometer as determined by the array spacing of the individual telescopes.
The spatial sensitivity of such an array is a potential source of confusion when deriving the
amplification factor from the continuum and the maser emission in high-resolution observa-
tion.

For the basic assumption where the line- and continuum-emission emerge from the same
region or structure, the apparent optical depth or the amplification factor can be estimated
via:

τapp(ν) = −ln
( Tline

2 Ts − 2 T2.7 − Tcont

)

(3.6)

where Ts and T2.7 are generally neglected. Although VLBI observations are not sensitive to
the 2.7 K background and the low spin temperature, the basic assumption used to estimate the
optical depth is highly critical for VLBI measurements. The different covering factors and
the spatial sensitivity of the array may result in a negligible or non-detection of continuum
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emission from larger structures and would lead to wrong conclusions of the amplification
nature of the maser feature. That this effect play an important role has been made clear
with the HI absorption observations with the VLA toward Sgr A, where absorption with no
continuum emission has been detected (Liszt et al. 1983). When determining τapp, it should
be noted that the contribution of the cosmic background emission in a single telescope cannot
be neglected and is on the order of a few mJy. In the estimates presented here of the apparent
optical depth (see table 3.2) the continuum emission is determined from the NVSS catalogue,
which is not influenced by any contribution of the 2.7 K background emission, and from the
line emission determined from single dish measurements, which is influenced by the cosmic
background emission. Therefore, the factor 2 for the cosmic background temperature in
equation 3.6 and the spin temperature has been neglected by the determination of this value.

The systematic errors introduced by different covering factors of the line and the contin-
uum emission can be compensated by using another method to estimate the optical depth. If
molecules or atoms show multiple transitions either in emission or in absorption, the indi-
vidual line properties can be used to determine the optical depth. Here we may assume that
the individual lines emerge from the same region, that the spin or excitation temperatures
for the individual hyperfine levels are equal, and that the influence of background continuum
emission is negligible. Based in these assumptions the equation 7.1 for each transition results
in the following ratio for the OH main-line emission:

(Tline67

Tline65

)

=
1 − e−τ(v)67

1 − e−τ(v)65
, (3.7)

where the ratio on the left side is directly related to the measurements of the line emission.
To solve this equation requires a relation between the optical depths of both main lines. This
relation can be obtained from the solution of the radiative transfer equations by assuming
a system with only an (u)pper and a (l)ower level. The solution of the radiative transfer
equation for optical thin emission can thus be written as:

τl(v) =
1

8π

c2

ν2
lu

gu

gl
Aul Nl (1 − e

−
h νlu

k Tsul )
[ G(v)√

2π σul

]

, (3.8)

where Aul is the Einstein coefficient for the appropriate transition, g is the corresponding
statistical weight, and Nl is the population of the related levels. Note that the factor in the ex-
ponential functions in equation 3.8 is the correction factor for stimulated emission under the
assumption of local thermodynamic equilibrium (LTE). Furthermore, the motion of the indi-
vidual particles needs to be described, which introduces an additional value to the intrinsic
line width of each transition. The spread in velocity G(v) may account for both effects and
can be described by a Gaussian-shaped profile, where σul accounts for the line dispersion. In
order to find the relation between the optical depth of both OH main-lines, the equation 3.8
first needs to be written for each line separately after which both equations can be combined.
Hereby an equal excitation temperature (Ts) has been assumed for the four OH ground levels
and also that the term exp(−h ν21/k Ts) ∼ 1 has no influence onto the main-line relation (the
levels 2 and 1 are the energetic lowest states of the hydroxyl molecule see figure 3.7). The ra-
tio of the optical depths of both main-lines can be obtained by two alternative determinations:
1) by integrating equation 3.8 in velocity for each individual transition separately, which may
introduce systematic errors, or 2) by following the solution shown in equation 3.11. As
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already mentioned, integrating in velocity or frequency across the line shape introduces sys-
tematic errors, because it is expected that the OH Megamaser emission traces the nuclear
kinematics of the galaxies, indicating that the optical depth changes for each individual tran-
sition at a specific velocity. By taking the specific line shapes into account, the two Gaussian
functions do not cancel each other. Nevertheless, by solving:

τ67(v)

τ65(v)
=

ν31

ν42

g4

g2

A42

A31

σ31

σ42
e−(

v−v67
2 σ67

)2+(
v−v65
2 σ67

)2 (3.9)

one can find a velocity:

v =
σ2

67v65 − σ2
65v67

σ2
67 − σ2

65

±
√

(σ2
67v65 − σ2

65v67

σ2
67 − σ2

65

)2

− σ2
67v

2
65 + σ2

65v
2
67

σ2
67 − σ2

65

(3.10)

for which the ratio of both lines is unity. By assuming that v65 = v67 + ∆v, this specific
velocity is determined by:

v1/2 = v67 + ∆v
[

a ±
√

a (a − 1)
]

,where a =
σ2

67

σ2
67 − σ2

65

. (3.11)

In general, the solution for the velocity will introduce offsets, which are mostly in the wings
or are not related to the second line and are therefore most likely resulting in a wrong de-
termination of the ratio of the optical depths. Nevertheless, the general practice is to use the
individual line peaks without taking into account the dispersion (Henkel & Wilson 1990).

τ67(v67)

τ65(v65)
=

ν31

ν42

g4

g2

A42

A31

{σ31

σ42

}

(3.12)

This ratio represents the LTE ratio of the OH main lines with a value of about 1.8, if one
neglects the factor in the curly brackets. Finally, once the relation between the optical depths
of both main lines has been determined, the optical depth of one line can be determined by
inserting equation 3.12 into equation 3.7 and numerically solving the resulting equation.

Once the optical depth has been determined a lower limit to the OH column density can be
determined by equation 3.8, where the normalization factor (

√
2π σul) of the Gaussian line

shape has been neglected. A lower limit of the OH column density can then be determined
by:

NOH

Ts
=

[

8π
k

c hA42

(Σ gi e
−

hνi
k TSi )

g42 e
−

hν67
k TS67

]

|τ67(v67)| (3.13)

where the factor in the round brackets has been neglected. Note that c is in km s−1 and the
integration is performed in cm along the line of sight, giving the column density in cm−2.

In general, an accurate determination of the column density requires that the factor in
the round brackets, which is the partition function, be taken into account. These functions
describe the sum over all discrete energy levels (i) in a molecule or an atom. For diatomic
molecules like the hydroxyl molecule, the calculated partition function shows larger val-
ues for increasing temperatures (Tatum 1967), because in a hotter environment the energetic
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higher levels will be more populated. Assuming upper limits for the temperatures of about
7000 K and 1000 K of the ISM, the partition function of the OH molecule is on the order of
2861 or 151.1, respectively (Tatum 1967). It should be noted that even at high temperatures
hydroxyl may still be abundant, because the dissociation energy of OH is 4.395 eV, which
translates to an equivalent temperature of 51003 K. Nevertheless, various values have been
published for the OH column density in the literature by taking only the different weights of
the individual hyperfine levels of the lowest state into account. For comparison, the factor in
the squared bracket in equation 3.13 is 1.939×1015 at 1720 MHz, 2.223×1015 at 1667 MHz,
4.006×1015 at 1665 MHz, and 2.069×1015 at 1612 MHz, respectively. These values are
about a factor 10 or 200 lower as compared with those based on the partition function for
1000 K or 7000 K respectively.

To estimate the column density of the OH galaxies in the sample of table 3.2, the
partition function for a temperature of 1000 K has been assumed together with a spin
temperature on the order of 44 K for the levels of the ground state (the method of measuring
the spin temperature can be found in Henkel et al. 1986). These assumptions lead to a
multiplication factor for the optical depth of 9.254×1016 for the 1667 MHz transition.
The column densities of the Megamaser galaxies have been determined from the estimates
of the apparent optical depth (see table 3.2). For the sampled OH galaxies the column
density ranges between NOH= 2.77×1015 and 1.96×1017 cm−2. These estimates may
be compared with other tracers such as HI or CO which has been measured for few OH
Megamaser galaxies. For these galaxies the derived OH abundance is sometimes larger
than the abundance seen in Galactic sources (Duley & Williams 1984). For example, in the
particular source IRAS 12540+5708 a HI column density of NHI= 1.5×1019 cm−2 has been
derived by assuming a spin temperature of Ts= 100 K (Carilli et al. 1998). In combination
with the OH column density this results into a relative abundance of OH/HI = 0.000377. By
further assuming a relative H2 to HI abundance of 20, the source IRAS 12540+5708 shows
up to three orders of magnitude higher OH densities than seen in Galactic sources (Güsten
1989; Duley & Williams 1984).

It has been shown in the previous sections that the assumptions used to determine the optical
depth are critical for interpreting the nature of the underlying maser process and that system-
atic errors are most likely. The clearest distinction between unsaturated and saturated maser
features is the rate of the stimulated emission compared to the rate at which the levels are
pumped or populated. If saturated, the maser emission depends on the specific geometry of
the maser feature and depends strongly on the pumping scheme (Elitzur 1992a). Taking the
full geometry into account a sophisticated ray-tracing program for the infrared and for the
OH emission is needed to evaluate the detailed maser process. Since high resolution obser-
vations of the OH emission indicate that saturated maser emission may give only a minor
contribution to the total maser luminosity, this approach has not been followed here.

Instead, two possible approaches are presented, that use the integrated infrared emission
of the galaxy in order to evaluate the nature of the OH maser process. The first approach is
to evaluate the pumping scheme of the OH molecule and the second is to use the pumping
efficiency. The general assumption made in both approaches is that all transitions in the
infrared and radio are optically thin. To evaluate the pumping scheme of the OH molecule, the
influence of the infrared emission on the population of the individual levels of the electronic
ground state has been examined (see figure 3.7). The assumption used is that only 36 levels
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of the OH molecule are populated by the infrared emission following the selection rules for
dipole transitions. A Planck spectrum of a single black body of a certain temperature best
describes the infrared emission. The populations in each of the individual 36 levels have been
determined by solving the individual rate equations of each level. Population of these levels
happens by excitation via the estimated infrared lines strength (infrared pumping) and by de-
excitation from energetically higher levels (see figure 3.7). Furthermore, the loss rate of the
individual levels is determined by spontaneous de- excitation and by the infrared pumping
of energetically higher levels. The steady state rate equation of the level 2Π3/2 J=5/2(2+)
is shown to illustrate how the individual level populations of the entire system have been
calculated:

[

B1−5 ∗ UIR ∗ n1 + B2−5 ∗ UIR ∗ n2 + A8−5 ∗ n8 + A7−5 ∗ n7+

A18−5 ∗ n18 + A14−5 ∗ n14 + A13−5 ∗ n13+

+A24−5 ∗ n24 + A23−5 ∗ n23 + A26−5 ∗ n26

]

−
[

A5−1 + A5−2 + A5−8 + A5−7 + B5−18 ∗ UIR+

B5−14 ∗ UIR + B5−13 ∗ UIR + B5−24 ∗ UIR + B5−23 ∗ UIR+

+B5−26 ∗ UIR

]

∗ n5 = 0

(3.14)

where A, B are the Einstein coefficients, n is the individual level population divided by the
weight (ni = Ni/(2 gi + 1)) and UIR is the black- body infrared emission. The individual
levels labelled for both rotational ladders are labelled as: 2Π3/2; 1 – J=3/2(1−), 2 – J=3/2(2−),
7 – J=5/2 (2−), 8 – J=5/2(3−), 18 – J=5/2(2−), 17 – J=5/2(2−), and 2Π1/2; 14 – J=3/2(2−),
13 – J=3/2(1−), 24 – J=5/2(3−), 23 – J=5/2(2−), and 26 – J=7/2(3−). These transitions follow
the dipole transition rules ∆F=0,±1 that also include parity changes (see figure 3.7).

The dependence with temperature of the main-line ratio or the level population of the ground
state is shown in figure 3.6. Such variation may be understood from the fact that the peak
emissivity of the Planck spectrum changes with temperature and that therefore different in-
frared pump-transitions are enhanced. For the OH Megamaser sample these individual tran-
sitions are presented in table 3.2. For the sample galaxies it is found that transitions 6, 9,
13, 14, and 17 predominately determine the different level populations (see figure 3.7 for
the numbers decoding). To compare the estimates for the level population with the observed
quantities in the OH- MM galaxies, the optical depth needs to be calculated on the basis of
the spontaneous emissivity of the levels 2Π3/2 J=3/2(2+) and J=3/2(1+) and by using equa-
tion 3.7 and equation 3.12. The calculated optical depth τreq and the apparent optical depth
are presented in table 3.2. For IRAS 02524+2046 and IRAS 10173+0828 these values are
similar to within a few percent. For the other sources in the sample the estimated optical depth
is not comparable with the apparent optical depth. When comparing these optical depths, one
has to take into account that the apparent optical depth may be strongly affected by the as-
sumption that the continuum and line emission do not emerge from the same region. The
ratios of the main lines and their optical depths have been published for a small sample of
OH emitters (Henkel & Wilson 1990). Within that sample only IRAS 17208−0014 can be
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Figure 3.6 − Left panel: Optical depth (points) and main-line ratios (solid line) determined by solving
the steady state rate equation for 36 levels with an increasing black-body temperature. Right panel:
Histogram of the upper limits (grey) and the lower limits (transparent) of the conversion efficiency
from infrared photons to maser photons in the OH Megamaser galaxies.

described by the infrared pumping process. For the rest of the sample of extragalactic OH
emitters, the maser emission cannot be explained only by infrared pumping.

In addition to the estimated optical depth for the individual galaxies based on black
body temperature from the IRAS fluxes, the OH pumping scheme has also been evaluated
for black-body temperatures ranging up to 1000 K. The level populations and optical depth
of the OH main-line emission (1667 MHz) for the OH-MM sample have been estimated
for several temperatures and are presented in figure 3.6. These results provide a new view
on the interpretation of the dusty environment where OH maser emission takes place. The
line ratio and the optical depth show an almost symmetric behaviour in the range 50 to
200 K. At lower and higher temperatures these estimates change rapidly within a narrow
temperature band with width ∼16 K, while further outside this range the optical depth and
line ratios show no dramatic changes. Within these bands (40 – 56 K; 202 – 219 K) the level
population shows non-linear behaviour of the individual levels indicating either absorption
(negative level population) or a ratio below the LTE value of 1.8 (see equation 3.12). It
is noteworthy that a small fraction of the OH-MM sample and a larger fraction of the OH
absorber show temperatures within this specific lower band. In addition, in this temper-
ature band sources with variable maser emission have been reported that could indicate
interplanetary scintillation or may trace small changes in the temperature of the ISM (e.g.
IRAS 21272+2514 Darling & Giovanelli 2002b). Due to the functional symmetry of the
optical depth in the range of both bands, two different temperatures can produce similar OH
emission strengths. Such a result complicates the interpretation of the location of the OH
maser emission in clouds, because the envelope shows temperatures ranging up to a few
tens of Kelvin while the cloud-core covers a temperature range of 30 – 200 K (Lang 1999).
Also the interpretation of the circum-nuclear dusty environment traced by maser emission
can be more complicated, because the maser emission may be emitted from two regions
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Figure 3.7 − Lower hyperfine levels of the OH rotational ladder of the electronic ground state (2Π).
J is the rotational angular momentum due to the nuclear motion (rotation). The λ-doubling causes a
splitting of the J states, in which the energetic higher levels have a electron distribution along the axis
of the molecular rotation, and the energetic lower levels have distributions in the plane of rotation.
The quantum number F indicates the hyperfine splitting due to the spin flip of the H atom. Solid lines
indicate main-line transitions (∆F= 0) in the hyperfine levels and dashed lines the satellite transitions.
The solid, dashed, and dotted lines indicating the dipole transition rules (∆J = ±1, 0, ±1) connecting
the rotational levels of the ground state.
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within the molecular environment with different properties. In the case of extragalactic
emitters, a fraction of the OH could be placed closer to the nuclear core of such galaxies in
a dusty environment with temperatures in the range of a few hundred Kelvin (Pier & Krolik
1992; Nenkova et al. 2002), while the other fraction is placed at larger scale sizes in a dusty
environment with temperatures around 60 K.

A further indicator of saturation effects in the maser process is the conversion of infrared
photons to emitted maser photons. A lower threshold for the OH pumping efficiency can be
estimated from the following ratio:

POH =
LOH × rIR
LIR × rOH

, (3.15)

where LOH and LIR are the luminosities and rFIR and rOH are the ranges (either in Hz or
km s−1) covered by the entire emission. For the compiled sample, the 1665 MHz main line
has not been evaluated and the efficiencies have been calculated only on the basis of the
1667 MHz line characteristics. Therefore, the lower limit of the conversion efficiency listed
in table 3.2 may be too large by a factor of 2, if one assumes that the 1665 MHz line emission
covers a similar velocity range. An upper limit for the efficiency can be determined from the
ratio of the maximum infrared flux at the specific pump transitions listed in table 3.2 to the
maximum peak flux of the OH emission line. Here one must assume that at least one of the
OH levels (see figure 3.7) needs to be populated by the infrared emission. For the sample
it is found that six of the OH galaxies show OH emission pumped at an efficiency larger
than unity. These sources also exclusively show colder infrared spectra with temperatures
below 47 K. The upper and lower limits of the conversion efficiency are shown in figure 3.6
exclusive of the six colder sources. The majority of OH Megamaser galaxies convert between
0.2 % to 1.4 % of the infrared photons into maser photons. Apart from these six sources with
conversion efficiencies of about unity, the sample galaxies have conversion factors of a few
percent indicating that the maser emission is caused by an unsaturated maser process (Elitzur
1992a).

3.4 The Luminosity Function

Ultra-luminous infrared galaxies are thought to represent an intense starburst phase during a
merging sequence of spiral galaxies as part of their evolution to eventually become an optical
quasi stellar object (Sanders et al. 1988; Sanders & Mirabel 1996). Early stages of the merger
involve molecular cloud collisions, which lead to a funnelling of the gas into the merger nu-
cleus. Enhanced star formation has been shown to be initiated during the second encounter of
the merging galaxies (Gerritsen 1997). Since the hydroxyl emission in the Milky Way is as-
sociated with star forming regions, the OH Megamaser emission could emerge from regions
of enhanced star formation and therefore may trace the initial sequence of merging galaxies.
This evolutionary phase may be critical for OH hosting galaxies as compared with differently
sampled galaxies. Therefore, the luminosity function (LF) of the OH galaxies should be cal-
culated in order to determine the frequency at which galaxies of certain intrinsic luminosities
are found in space. Several procedures for determining the LF have been proposed and can
be found in the literature leading to remarkably consistent estimates (Felten 1977). The lu-
minosity function of the OH-MM galaxies will be used here in order to evaluate possibly



3.4. The Luminosity Function 55

different cosmological evolution scenarios with respect to the infrared selected samples of
which the OH-MM are a partial sub-sample. The luminosity function will be calculated on a
similar basis as that of the 2 Jy-IRAS sample (Yun et al. 2001). The OH Megamaser galaxy
sample used to calculate the V/Vmax test and the luminosity function are selected on the basis
of their trust factors (> 0) and their luminosity (> 1 L�) as listed in table 3.2.

The space density of the OH Megamaser galaxies has been calculated in luminosity in-
tervals of 0.35 magnitudes (∆L) using the following expression:

ρ
∆L

(L) =

N(∆L)
∑

i=1

( 1

Vmax

)

i
, (3.16)

where

σρ
∆L

(L) =
(

N(∆L)
∑

i=1

( 1

Vmax

)2

i

)1/2

(3.17)

determines the uncertainties. The area covered on the sky and the luminosity limits determine
the maximum volume (Vm) sampled in each luminosity bin. The luminosity is limited by
the assumed flux limit of 1 mJy and a line width of about 171 km s−1, which accounts
for the mean of velocity dispersion (FWHM) of the entire OH-MM sample. The selection
criterion for these sources is based on the OH appearance and not on a blind flux-limited
survey, which could be a source of systematic errors resulting in too large a maximum survey
volume. Such an effect would cause incompleteness of the sample database and has been
evaluated by the V/Vmax test. The area covered by the survey is assumed to be similar to the
IRAS coverage, because the OH Megamaser galaxies represented a sub-sample of the IRAS
sources. Furthermore, the majority of detection experiments in search of OH emitters has
been based on IRAS catalogues. The resulting volume of the sample survey can be determine
by:

volume = 0.82 ×
[

(

∫ D1

0

r2dr +

∫ D2

D3

r2dr)

∫ 2π

0

dρ

∫ +90◦

−40◦

cos(δ)dδ
]

. (3.18)

The exclusion of the galactic plane and of the areas omitted by the IRAS redshift survey
results in a missing factor of 0.18 in the above equation. By estimating the maximum volume
or distance at which each source can still be detected, the volume is restricted by the limitation
caused by the galactic HI, which is accounted for by the different integration ranges for the
distance (D1 – D2). Therefore, the redshift range between 0.191 and 0.157 is excluded from
the volume, where the hydroxyl lines are shifted into the frequency range covered by the
galactic HI and can not be discriminated (Kalberla private communication; Hartman 1994).

The V/Vmax-test is a direct method to investigate the uniformity of the distribution of objects
in space (Schmidt 1968). Considering a galaxy with a luminosity of L ∼ r2 S ∆v at a dis-
tance r, with a flux density S, and with a line width of ∆v, then the quantity V/Vmax describes
the completeness of the sample, where V is the volume of space enclosed by the survey and
Vmax is the volume of space within which this source would still be included into the sample.
The value of V/Vmax would then range between 0 and 1, if the sources have constant co-
moving number densities. For a survey of extragalactic objects, the statistics of a complete
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Figure 3.8 − Left panel: OH luminosity function of the OH Megamaser galaxies with luminosities
larger than 1 L� is well described by a Schechter function. Right panel: The V/Vmax test for the same
sample suggests that the lower luminosity bins are not well sampled and therefore suffer from incom-
pleteness. For an equal number of uniformly distributed galaxies a value of 0.5 with an uncertainty
of ±0.03 is expected in each bin. The uncertainties result from the assumption that the probability
distribution for the galaxy sample approaches a Gaussian distribution (Longair 1998; Peacock 1999).

sample are often limited and therefore the test may be used to estimate the completeness of a
survey sample. The estimates of the V/Vmax-test are listed in table 3.3 and are displayed in
the right panel of figure 3.8. The displayed values show that especially at lower luminosities
the OH-MM database is not uniformly distributed. Since the sample of the OH emitters is
most likely incomplete, the V/Vmax-test indicates the luminosity ranges over which the sur-
vey is incomplete and reveals local density enhancements of the sampled galaxies. The effect
of incompleteness in the lower luminosity range may also be caused by two sample sources
at extreme redshifts. Because the volume boundary of the sample Vmax is determined by
the maximum redshift of one of these sources with an almost Giga-maser luminosity, which
possibly causes an under- sampling of the tested volumes at lower luminosities. Furthermore,
the test indicates a range at intermediate luminosity where the sampled galaxies derive from
the uniform distribution; this effect may be related to the enhanced maximum volume or it
has a yet unknown reason. When evaluating the sample of OH-MM galaxies at other wave
bands, the incompleteness at these luminosity ranges needs to be taken into account when
concluding on the general properties of the sample.

The computed OH LF is presented in table 3.3 and is displayed in figure 3.8. Unlike
recent determinations of the OH LF, the current sample of OH galaxies shows the special
characteristic of a Schechter function (Darling & Giovanelli 2002c). The difference with
published results is that the current survey includes all OH galaxies, whereas the previous
reported LFs used a sample of OH emitters selected from the PSC catalogue on the basis
of their infrared emissivity at 60 µm (Saunders et al. 2000; Darling & Giovanelli 2002c).
The LF based on this selection criterion has been approximated by a power law fit to show
the evolutionary characteristics of OH galaxies (Darling & Giovanelli 2002c). In order to
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log(LOH) log(ρOH) log(σρOH
) (V

/

Vmax) ∆(V
/

Vmax) log(ρ60µm) log(ρ1.4GHz)
[L�] [Mpc−3 [Mpc−3 [L�] [W Hz−1]

[ mag−1] mag−1]

0.214 -5.77 -5.77 0.00 0.00 9.84 21.42
0.564 -6.52 -6.52 0.00 0.00 9.90 21.07
0.914 -6.50 -6.74 0.00 0.00 10.79 22.37
1.264 -7.31 -7.44 0.00 0.00 11.07 22.90
1.614 -7.21 -7.69 0.12 0.05 11.20 23.00
1.964 -7.65 -8.18 0.18 0.06 11.41 23.02
2.314 -8.25 -8.75 0.35 0.11 11.54 23.10
2.664 -8.62 -9.13 0.38 0.12 11.68 23.27
3.014 -9.22 -9.72 0.49 0.17 11.70 23.34
3.364 -10.00 -10.38 0.27 0.07 11.85 23.34
3.714 -11.35 -11.47 1.00 0.63 12.23 23.89
4.064 -12.19 -12.19 0.50 0.25 12.06 24.44

Table 3.3 − Luminosity functions of the selected OH Megamaser galaxies. The errors of the V/Vmax

test correspond to N
1
2 . Note that the zero values in the table account for values below the decimal

cut-off.

compare current results with those presented earlier, a power law fit has been performed
by only using values of the LF with log(LOH) ≥ 1.614 (see table 3.3) resulting in a best
fit of log(ρOH) = (−2.01 ± 0.16) log(LOH) − (3.59 ± 0.48). Since the determination of
the LFs depends on the magnitude bins used, a comparison of the LF quantities require a
correction by a factor of 3.5 in order to convert into an LF with the more generally used
magnitude bins of one dex. Note than this correction only affects the number density, which
results in a change of the intercept point of the linear regression to −4.13 and no change
in the slope of the regression curve as assumed in earlier publications (Baan 1991; Darling
& Giovanelli 2002c). By applying these corrections, the current estimates do not conform
with the values found for the published luminosity evolution and the number densities of
OH Megamaser galaxies (Darling & Giovanelli 2002c); instead the values found here are
systematically lower.

Nevertheless, it is questionable whether a power law fit to the data accurately reveal the
LF parameters. Therefore, the data points may be better described by a Schechter function
(Schechter 1976)

ρ(L) dL = ρ∗
( L

L∗

)α
exp(− L

L∗
) d

( L

L∗

)

, (3.19)

where ρ∗ is the characteristic density of 1.41 × 10−9 Mpc−3 mag−1, L∗ is the characteristic
luminosity of 1023.72 L� representing the break in the LF, and α = −1.069 describes the
faint-end power-law slope. This particular Schechter function is shown in figure 3.8. A good
reason to consider a Schechter function is that it provides a robust description of the optical
LFs of field galaxies and galaxy clusters. Furthermore, if star formation activity is an integral
part of the galaxy evolution and reflects the nature of the host galaxies, then the Schechter
function should also offer a good description for the OH-MM luminosity function.
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Figure 3.9 − The infrared luminosity functions (LF) of OH and infrared samples of galaxies. In
the upper panel the filled squares indicate the LF of the OH Megamaser galaxies and the open circles
indicate the LF deduced from infrared selected galaxies (2 Jy sample by Yun et al. 2001). Individual
lines represent Schechter functions for the 2 Jy sample for a single fit (in gray), a low-luminosity fit
(dotted), and a high-luminosity fit (dashed). The solid line represents a modified Schechter function of
the high-luminosity fit of the 2 Jy sample, with a reduced characteristic luminosity and characteristic
density that characterizes the OH LF. In the lower panel the difference between the LFs of the two
samples is presented that shows a mean value of −2.4 ± 0.8. Note that in this panel the highest value
of the LF is excluded, because of the way this subtraction has been performed. The systematic error for
the OH sample along the horizontal axis is of the same order as the error found in the vertical direction;
these errors result from the manner in which these LFs are calculated.

In addition to the OH-MM LF, the radio- and the 60 µm - LF have been calculated to
compare the OH sample with the 2 Jy sample of infrared-selected galaxies (Yun et al. 2001).
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Figure 3.10 − The radio luminosity functions (LF) of OH, infrared and optically selected samples
of galaxies. The filled squares indicate the LF for the OH Megamaser sample, the open circles the
LF for the infrared selected 2 Jy sample and the open squares the LF for the optically selected UGC
galaxies (Yun et al. 2001; Condon 1989). The individual lines represent Schechter functions to the 2 Jy
sample for a single fit (in gray), a low- luminosity fit (dotted), and a high-luminosity fit (dashed). The
solid line represents a modified Schechter function of the high-luminosity fit of the 2 Jy sample, with a
reduced characteristic luminosity and characteristic density that characterises the OH-LF. In the lower
panel the difference between the luminosity function of the OH and the 2 Jy sample is presented, which
shows a mean value of −3.0 ± 0.8. The highest value has been excluded here, because of the way this
subtraction has been performed. Note that the systematic error in the OH-LF along the horizontal axis
is of the same order as the error found in the vertical direction; these errors result from the way these
LFs are calculated.

Deriving the LF in the radio and at 60 µm for the same sample is not a straightforward
procedure, because the volume sampled by the OH emission does not relate directly to that of
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the radio or the infrared luminosities. The approach taken here is that the means of the radio
and infrared quantities of these sources in each OH luminosity bin are used to determine the
radio- and 60 µm- luminosity function. Here it has been assumed that the radio and infrared
luminosities corresponding to the OH luminosity of each sample galaxy contribute similarly
to the local number density at their respective OH luminosity bin. The error produced by
these estimates has an influence on the estimates of the luminosity function at the lower
luminosities and therefore only affects the break luminosity rather than the characteristic
space density. The luminosity functions in the infrared and the radio are presented in table 3.3
and are displayed in figure 3.9 and 3.10. In addition to the radio LFs of the OH emitters and
the 2 Jy sample presented in figure 3.10, the LF of an optically selected sample of UGC
galaxies including starburst and monster galaxies has been added (Condon 1989). In general,
the LFs traced by the OH emitters in these emission bands do not coincide with the LFs of
the other surveys. The various Schechter functions presented in the figure 3.9 and 3.10 are
evaluated in the same way as the LF of the 2 Jy sample, whereby the infrared- and radio
LFs are linear combinations of two Schechter functions describing field galaxies and the
additional starburst population (Yun et al. 2001).

The infrared LF of the OH sample does not clearly support a second population different
from the one describing the 2 Jy sample (Yun et al. 2001). Instead it can be best fitted by
the Schechter function of the 2 Jy sample fitted to the high-luminosity population with a
reduced characteristic luminosity and density. The Schechter function of the high-luminosity
population is determined by ρ∗ = 2.21 × 10−6 × (2.5/3.5), where the factor in brackets
accounts for the difference in magnitude bins, L∗ = 21.69 × 1010 L�, and α = −0.821
(Yun et al. 2001). In order to use this function to describe the LF of the OH sources, the
specific density needs to be reduced by a factor of 15 (e.g. set ρ∗/15 in equation 3.19) and
the break luminosity needs to be reduced by a factor of 1.41 to L∗ = 15.38 × 1010 L�.
In addition to the similarity of the Schechter functions, the LF of both samples has been
subtracted and the fraction is shown figure 3.9. The fraction is roughly constant at lower
luminosities of log(ρ60µm) > 11.8 L�, at which point there is a clear change in both LFs.
The average difference between the two LFs has a mean value of −2.4±0.8, which accounts
for a fractional space density of 2.5 % to 0.06 % of the OH relative to the infrared galaxy
population.

The derived OH-LF in the radio at 1.4 GHz is shown in figure 3.10 and reveals a less
smooth LF than in the infrared band. In addition to the OH-LF, LFs of the 2 Jy sample and of
an optically selected sample of UGC galaxies that includes starburst and monster galaxies are
also shown (Condon 1989). The LF of the normal starburst galaxies is found to be in good
agreement with the LF of the infrared sampled galaxies. Remarkably the LF of the UGC
sample between 1023 W Hz−1 and 1025 W Hz−1 shows two different populations. An LF
comparable to the 2 Jy LF possibly indicates a starburst population, whereas an LF with con-
stant and distinctly higher space densities may reveal a population of monsters. The OH-LF
reveals a similar trend at luminosities larger than ∼ 1023 W Hz−1, where the LF falls off and
cannot be described anymore by the Schechter function. The OH-LF at this luminosity range
is similar that of the infrared selected sample and has an even more reduced space density
and a clear cut-off due to the radio luminosity produced by star formation (see the residual
LF in figure 3.10). Such an effect may indicate that galaxies with enhanced radio emission,
which presumably emerges from the nuclear region, could have blown away most of the dusty
circum-nuclear environment resulting in a strong reduction of the emissivity in the infrared
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band. Nevertheless, the OH-LF at lower radio luminosities shows comparable values as the
2 Jy sample. Therefore, the Schechter function of the high-luminosity population of the 2 Jy
sample can also be used to describe the radio-LF of OH emitters. Like in the infrared bands,
the specific characteristic luminosity and density of the Schechter fit needs to be modified.
Published characteristics of the Schechter function of that population show a luminosity break
of L∗ = 14.43 × 1022 W Hz−1, a density of ρ∗ = 8.3 × 10−6 × (2.5/3.5), where the factor
accounts for the different magnitude bins, and a slope of α = −0.633 (Yun et al. 2001).
The OH-LF can be described by using similar modifications as for the infrared band and by
reducing the density ρ∗ = 8.3 × 10−6 by a factor of 15 and L∗ = 3.5 × 1022 W Hz−1 by a
factor of 4.

The initial assumption made to compare the luminosity function of the OH sample with
other samples was to consider a functional difference for the OH Megamaser galaxies. How-
ever, a clear functional difference could not be found and the LFs traced by the OH-, infrared-
and radio-emission can be described by Schechter functions. Nevertheless, the Schechter
OH-LF function is based on a reduced characteristic density and a maximal space density of
OH galaxies on the order 7 % of the infrared sample. In addition, the space density estimated
via the residual LF predicts a maximal density of about 2.5 %, which is remarkably close to
the detection rate of OH Megamaser emission. The space density determined in this manner
may also be affected by by one source showing Giga-maser emission at high redshift result-
ing into an overestimate of the volume. The deduced percentages suggest that 388 or 138
OH Megamaser sources are to be found in the sample of 5554 warm infrared galaxies of the
PSC catalogue (Takeuchi et al. 2003). This percentage may further decrease if the LF of the
OH sample (with warm infrared colors) is compared with that of warm infrared galaxies (see
section 3.2), which is subject to further work.

Furthermore, the OH-LFs in the infrared and in the radio regime show a clear difference
in the characteristic break luminosities. In the case of a galaxy merger, where the starlight is
simply redistributed, the characteristic break values should roughly satisfy ρ∗×L∗ = constant
(Peacock 1999). In order to attain a higher number density at a certain time in the past, one
would expect L∗ being smaller at earlier times. In comparison with the reference samples,
the OH-LF shows a clearly lower characteristic break luminosity, which would be shifted to
even lower luminosities if the systematic errors were better known.

Assuming that all galaxy merger epochs are present in the 2 Jy sample, then the lower
characteristic luminosity break in the Schechter function of OH galaxies and the relation
ρ∗ × L∗ = constant clearly indicate an increase of the space density of the OH Megamaser
sample. Therefore, the OH Megamaser sources trace a specific evolutionary phase of galaxy
mergers. This phase is indicated by an infrared luminosity of L∗ = 15.38 × 1010 L� and a
radio luminosity of L∗ = 3.5×1022 W Hz−1. A conversion from infrared luminosity to a star-
formation rate (SFR) gives a SFR of roughly 26 M� per year for this specific evolutionary
phase (for the conversion see Kennicutt 1998). This value is about a factor 210 higher than
the star-formation rate seen in normal disk galaxies (Kennicutt 1983).

3.5 Conclusions

A list of all known OH Megamaser galaxies has been compiled. From these, quality ratings
are used to identify 74 galaxies as reliable OH Megamaser galaxies. The specific character-
istics of these sources have been evaluated in this chapter. The morphological appearance
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of these objects in the optical is undetermined for some sources, but can be used to divide
the sample into two major groups of multiple/distorted galaxies and of unresolved galaxies at
DSS resolution. The majority of the sample sources show warm infrared colors which can be
well approximated by a black body temperature of about 60 K. The excess in infrared emis-
sion, which places the OH sources among the group of ultra-luminous and luminous infrared
galaxies, presumably emerges from a region not larger than 1 kpc. The diagnostic tools avail-
able for the infrared- and the radio-emission indicate that the majority of the OH emitters
are associated with enhanced star- formation. This is also supported by the estimated OH-,
radio- and infrared- luminosity functions, which indicate that galaxies selected on the basis
of the OH emission trace a specific phase in the evolution of galaxy mergers with enhanced
star formation.

The maser emission itself is produced by a small conversion efficiency of infrared pump
photons and cannot be described exclusively by the hydroxyl pumping-scheme. This indi-
cates that the maser emission seen in most of the Megamaser sources results from an unsat-
urated maser process. Furthermore, the correlation of the OH emission with the IR emission
has been reviewed, and compared to the classical model which predicts a quadratic relation
for the extragalactic OH Megamaser emission. The quadratic relation between these quan-
tities can neither be confirmed statistically nor denied; the uncertainty possibly results from
systematic effects. Such systematics are presumably not related to any physical effect, but
are instead caused by observational problems and by the general assumption that the OH-,
the radio-, and the infrared-emission emerge from the same region.

Furthermore, the determinations of the maser emission properties and the usually applied
assumptions have been reviewed. In particular, it has been discussed why the use of high
spatial resolution observations, using very-long-baseline interferometry, introduces errors in
the determination of the optical depth and therefore also in the interpretation of the nature
of the maser processes itself. Therefore, an accurate determination of the maser properties
can only be obtained from the ratio between the two OH main-lines rather than from the
continuum emission.
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